The herbicides chlorsulfuron and clopyralid were taken up rapidly by excised pea root tissue and accumulated in the tissue to concentrations ten and four times those in the external medium, respectively. Uptake was related linearly to external herbicide concentration over a wide concentration range, implying that transport across the membrane is by nonfacilitated diffusion. Uptake of both compounds was influenced by pH, with greatest uptake at low pH. The pH dependence of uptake suggests that the herbicides (both of which are weak acids) are transported across the plasma membrane in the undissociated form, and accumulate in the cytoplasm by an ion trap mechanism. Most of the absorbed herbicide effluxed from the tissue when it was transferred to herbicide-free buffer, indicating that the accumulation was not due to irreversible binding. Consequently, both herbicides remain available for transfer to the phloem. These results can explain the high reported phloem mobility of clopyralid in intact plants. The low phloem mobility of chlorsulfuron must be accounted for by factors that override its ability to accumulate in the symplast.
There has been considerable interest in recent years in the mechanisms by which plant growth regulating chemicals, both natural and synthetic, move across cell membranes. In the case of naturally occurring compounds this interest has been directed towards determining the way(s) in which concentrations of these compounds, at both the tissue and cellular levels, are regulated by the plant. Results indicate that endogenous plant growthregulating chemicals are transported across membranes by both nonfacilitated and carrier-mediated processes (1, 17) . Endogenous control of the latter process presumably plays a role in regulating internal concentrations.
Herbicide uptake into plant tissue has been studied primarily in relation to the subsequent translocation of the herbicides. Herbicide entry and retention in the symplast are prerequisites for phloem transport (19, 26) , and the relationship between phloem transport and physicochemical properties of herbicides has been the focus of much attention recently (6, 19) . The Absorption in Live and Dead Tissue. The experimental approach used in this research was similar to that described by Peterson and Edgington (20) 429 Bq nmolt') were prepared in solutions of distilled water:ethanol (9:1, v/v) so that the final herbicide concentration, when 10 Ml of these solutions was added to 3.0 ml buffer, was 1.0 uM. The 14C content of the solutions was measured by taking a 50-Ml aliquot at specified time intervals (including t = 0, immediately after the herbicide was added) and assaying for 14C by LSS. pH Dependence. Uptake of both herbicides was influenced markedly by the pH of the bathing solution, with greatest uptake at low pH (Fig. 2, A and B) . This relationship was especially clear in the pH range 4.4 to 6.4. Uptake at pH 3.4 initially was greater than at the higher pH values, but leveled off between 30 and 60 min, and at the end of the experiments was lower than uptake at pH 4.4.
Herbicide Concentration Dependence. Herbicide uptake was related linearly to external concentration over a wide concentration range (Fig. 3) . The data shown are for a 30-min uptake period, but similar plots were obtained for longer uptake periods (not shown). The extremely highr2 values obtained by least square linear regression analysis suggest that the straight lines shown represent the best possible description of the data. Elution Experiments. The two herbicides eluted from the tissue quite readily upon transfer to herbicide-free buffer (Fig. 4A) .
Elution was more rapid in the case of the stepwise transfers, in which the 15 transfers were completed in 75min (Fig. 4B) . Herbicide efflux in the continuous efflux experiment would be complete when equilibrium was reached between the herbicide in the tissue and that in the bathing solution. At equilibrium the CC,/C values should be equal to those at the end of the uptake period. In fact, the end-point QC,/ values were slightly lower than those reached after 4 h of uptake, suggesting that the system was at, or close to, equilibrium. Efflux in the stepwise elution experiment would be complete only when all of the available herbicide had been removed from the tissue, but both herbicides continued to elute from the tissue up to the 15th transfer (Fig.  4B) Penetration of xenobiotics into plant cells is governed largely by their lipophilicity; more lipophilic compounds move into (or out of) the cytoplasm more rapidly (5, 24) . The observed difference in P values provides a plausible explanation for the more rapid uptake of chlorsulfuron than clopyralid in these experiments.
Herbicides can accumulate in plant tissue by several mechanisms, including ion trapping ofweak acids (7, 19, 20) , partitioning into lipid fractions (5), binding to cellular components (2, 27) , or by metabolic conversion to products less able to cross the plasmalemma (6). Chlorsulfuron and clopyralid are both weak acids (pKa values of 3.6 and 2.3, respectively), and their accumulation in pea root tissue is consistent with weak acid accumulation. The ratio of undissociated to dissociated molecules in the external solution (calculated according to the HendersonHasselbach equation) is proportional to the solution pH, and the greater uptake at low pH (Fig. 2) suggests that the herbicides cross the plasmalemma as the undissociated acids. The leveling off of uptake at pH 3.4 after 30 to 60 min cannot be explained readily, but may reflect some effect of this low pH on the tissue itself. A pH-dependent uptake of several other classes of weakly acidic herbicides has been reported (7, 17, 20, 21) . This pH dependence is analogous to that observed with the weakly acidic endogenous plant growth regulators IAA (1 1, 22), ABA (15) , and GA, (18) The efflux profiles (Fig. 4) are similar to those reported previously for 2,4-D (20), MCPA (13) , CPMU, and maleic hydrazide (14) , all of which are phloem mobile or ambimobile. Although 2,4-D is considered to be a phloem-mobile herbicide, our previous research indicates that clopyralid is considerably more phloem-mobile than 2,4-D (compare data in Refs. 8 and 9). Efflux profiles for xylem-mobile herbicides differ greatly from those shown here. Several reports indicate much more rapid and more complete efflux of such herbicides (6, 13, 14, 20) . One consequence of this rapid efflux is that, although such compounds may freely enter the symplast, they are readily lost to the apoplast and translocated in the xylem.
Phloem mobility ofherbicides usually is explained on the basis of one of two hypotheses. Herbicides that are weak acids can enter the symplast and accumulate there by an ion trapping mechanism, based on the relatively low permeability of the plasma membrane to the dissociated species (17, 19) . Herbicides retained in this manner are passed on to the phloem, and are translocated through the plant in that tissue. Alternatively, the herbicide may enter the cytoplasm slowly but, once inside, may be retained there because of the relatively low permeability of the membrane to the herbicide. This intermediate diffusion hypothesis has been used to explain the phloem mobility of glyphosate (12) and amitrole (16) .
Clopyralid is extremely phloem-mobile, and in some species almost all of the clopyralid that is absorbed by a mature leaf can be exported from that leaf (9) . Whereas one might predict, based on the above information and the data presented, that chlorsulfuron would be equally or even more mobile in the phloem, this is not the case. In fact, chlorsulfuron shows only limited phloem transport in several plant species (9; MD Devine, unpublished data). One possibility is that chlorsulfuron might leak out of the phloem and transfer into the xylem to a greater extent than clopyralid. This might be expected, because chlorsulfuron is considerably more lipophilic than clopyralid, and there is evidence in the literature to suggest that, up to a point, lipophilic compounds are translocated more readily in the xylem than are hydrophilic compounds (5, 23) . If this did occur, more of the applied chlorsulfuron would be found at the tips and margins of treated leaves, i.e. distributed in a pattern consistent with apoplastic translocation. In other experiments, however, we have found that this is not the case, and that most of the absorbed chlorsulfuron is retained close to the site of entry into the leaf (data not shown).
The clopyralid data provide a satisfactory explanation for the observed phloem mobility of that herbicide, based on accumulation of the clopyralid anion in the cytoplasm. The fact that chlorsulfuron behaves similarly to clopyralid in excised tissue but not in whole plants indicates that weak acid accumulation does not necessarily impart phloem mobility to a herbicide. We are currently investigating the possibility of chlorsulfuron translocation being restricted by an effect of this herbicide on the process of phloem translocation itself.
